The fast-spiking parvalbumin (PV) interneurons play a critical role in neural circuit activity and dysfunction of these cells has been implicated in the cognitive deficits typically observed in schizophrenia patients. Due to the high metabolic demands of PV neurons, they are particularly susceptible to oxidative stress. Given the extant literature exploring the pathological effects of oxidative stress on PV cells in cortical regions linked to schizophrenia, we decided to investigate whether PV neurons in other select brain regions, including sub-cortical structures, may be differentially affected by redox dysregulation induced oxidative stress during neurodevelopment in mice with a genetically compromised glutathione synthesis (Gclm KO mice). Our analyses revealed a spatio-temporal sequence of PV cell deficit in Gclm KO mice, beginning with the thalamic reticular nucleus at postnatal day (P) 20 followed by a PV neuronal deficit in the amygdala at P40, then in the lateral globus pallidus and the ventral hippocampus Cornu Ammonis 3 region at P90 and finally the anterior cingulate cortex at P180. We suggest that PV neurons in different brain regions are developmentally susceptible to oxidative stress and that anomalies in the neurodevelopmental calendar of metabolic regulation can interfere with neural circuit maturation and functional connectivity contributing to the emergence of developmental psychopathology.
Introduction
Cortical inhibitory neurons that express parvalbumin (PV) are known to modulate information flow in neural circuits essential for cognitive processing (Lewis et al., 2012) . These neurons are widely distributed in the brain (Ohshima et al., 1991) , where they selectively target the soma and the axon initial segments of pyramidal neurons and contribute to the generation of gamma oscillatory activity (Sohal et al., 2009) . In particular, deficits of PV neurons, especially in the prefrontal cortex and hippocampus, are among the most replicated findings in postmortem brain samples from individuals with schizophrenia (Beasley and Reynolds, 1997; Benes et al., 1991; Hashimoto et al., 2003; Zhang and Reynolds, 2002) . These disturbances in PV neurons are believed to affect cognitive operations that require gamma oscillations, including attention and working memory, both of which are affected in schizophrenia (Gonzalez-Burgos et al., 2015; Uhlhaas and Singer, 2015) .
Due to their fast and high frequency discharges, PV neurons exhibit elevated metabolism, increased mitochondrial activity and a high production rate of reactive oxygen species (Kann et al., 2014) . As a result, PV neurons are particularly susceptible to oxidative stress (Kann, 2016) . In this regard, a recent spate of studies has implicated oxidative stress in the pathophysiology of schizophrenia (Do et al., 2009; Steullet et al., 2016) , with some of the evidence pinpointing neurobiological anomalies such as abnormal myelination (Monin et al., 2015) and a functional alteration in PV neurons (Behrens et al., 2007; Cabungcal et al., 2006 Cabungcal et al., , 2013a Cabungcal et al., , 2013b Giavanoli et al., 2015; Lodge et al., 2009; Meechan et al., 2015; Steullet et al., 2010 Steullet et al., , 2017a .
Indeed, research from our laboratory has demonstrated alterations of PV-containing neurons, manifested by a decreased immunoreactivity of PV and perineuronal nets (PNNs, extracellular matrix structures that coat PV neurons and provide protection against oxidative stress), in both the anterior cingulate cortex (ACC) and ventral hippocampus (VH) of transgenic mice carrying a germ-line deletion of the modulatory subunit (GCLM) of the glutamate-cysteine ligase holoenzyme (Cabungcal et al., 2013a (Cabungcal et al., , 2013b Kulak et al., 2013; Steullet et al., 2010) , the rate-limiting enzyme in the glutathione (GSH) biosynthesis pathway. Notably, transgenic Gclm knock-out mice exhibit a deficit in GSH synthesis, leading to a 60-70% reduction of brain GSH levels that results in an increased susceptibility to oxidative stress (Steullet et al., 2010) . In a more recent study animal models carrying genetic and/or environmental risks relevant to schizophrenia were found to exhibit PV neuron deficits that were accompanied by oxidative stress in the ACC (Steullet et al., 2017a (Steullet et al., , 2017b . This study indicates that a diversity Schizophrenia Research xxx (xxxx) xxx of pathological mechanisms (i.e. redox dysregulation, NMDA-R hypofunction) can converge to oxidative stress induced PV neuron impairments. Noteworthy, neuroimmune dysregulation during neurodevelopment can also generate and maintain oxidative stress in a feed-forward fashion, leading to a vicious and enduring cycle that has detrimental effects on PV neurons in the ACC (Dwir et al., 2017) . Other evidence has shown oxidative stress to affect PV neuron integrity in hippocampal structures such as the dentate gyrus and Cornu Ammonis (CA) 3 region (Kann et al., 2011; Steullet et al., 2010) . These cellular deficits were associated with alterations of beta/gamma oscillations (Kann et al., 2011; Steullet et al., 2010) . Notably, gamma oscillatory activity has consistently been found to be disturbed in schizophrenia (Gonzalez-Burgos et al., 2015; Uhlhaas and Singer, 2015) .
Despite the preponderance of data indicating the effects of oxidative stress-driven PV impairment in cortical structures such as the ACC and VH, little is known of the sequelae of oxidative stress in PV neurons situated in sub-cortical structures that might be affected in schizophrenia neuropathology. This research gap served as the impetus for the present study, which aimed to answer two specific questions: (1) if PVcontaining neurons situated in sub-cortical regions of the brain are similarly affected by oxidative stress and (2) whether a developmental sequence may exist in their susceptibility to oxidative stress induced impairments. To address these points, we followed the developmental sequence of PV cell impairments, in Gclm KO mice, in several brain regions known to be involved in the schizophrenia physiopathology, i.e., the thalamic reticular nucleus, amygdala, lateral globus pallidus, ventral hippocampus and anterior cingulate cortex. Elucidating the spatio-temporal profile of neuropathology which impacts specific neuronal subsets during brain development is key to understanding neurodevelopmental disorders, and is expected to yield information on how neural circuit disturbances could underlie symptomatology in psychiatric disorders characterized by altered cognition such as schizophrenia.
Materials and methods

General methodology
Using a confocal microscope, three to four scanned stack images (per animal) were collected from the thalamic reticular nucleus (TRN), amygdala (AMY), lateral globus pallidum (LGP), CA3 of ventral hippocampus (VH) and anterior cingulate cortex (ACC) of male Gclm KO (n = 25) and WT (n = 25) mice, to analyze the expression of: 1) oxidative stress, 2) PV positive cells and 3) perineuronal nets (PNNs) at postnatal days (P) 20, 40, 90, 120 and 180 (5 mice per genotype and age).
Animal model
Glutamate cysteine ligase modifier subunit knock-out (Gclm KO) mice (B6.129-Gclmtm1Tdal) initially provided by T. Dalton (University of Cincinnati) were backcrossed with C57BL/6J mice over N10 generations. Mice were housed under a 12-h light-dark cycle in groups of 3-5 individuals per cage. All breeding mice were obtained from heterozygotes (HZ x HZ). Experimental Gclm KO mice were from breeding individuals (males KO x females HZ), and control Gclm WT mice were from breeding individuals (WT x WT). Experiments were performed on males (5 per genotype) and were approved by the Cantonal Veterinary Office.
Perfusion and preparation
Mice were anesthetized and perfused (5 mice genotype and age; n = 50), and their brains fixed in 4% paraformaldehyde (Cabungcal et al., 2006) . Coronal frozen sections (50 μm) were prepared and stored in ethylene glycol at −20°C until immunohistochemistry procedure.
Immunofluorescence, confocal imaging and image analysis
For each mouse (n = 50), brain sections (3-4 per sections per mice and region) containing the regions of interest (i.e., TRN, AMY, LGP, CA3 of VH, ACC) were first incubated with PBS + Triton 0.3% + sodium azide (1 g/L) containing 2-3% normal horse serum, then placed for 48 h in a solution with a mouse monoclonal anti-8-oxo-dG (1:400; AMS Biotechnology, Biogio-Lugano, Switzerland) and a rabbit polyclonal antiparvalbumin (1:2500; Swant Inc., Marly-Fribourg, Switzerland) primary antibody together with the biotin-conjugated lectin Wisteria floribunda Agglutinin (WFA, 1:2000; Sigma, Switzerland). Sections were then washed, incubated with fluorescent secondary antibody conjugates: goat anti-mouse (1:300; A488; Life Technologies, USA), goat anti-rabbit IgG (1:300; CY3; Chemicon International, USA) and streptavidin 405 conjugate (1:300; A405; Millipore Corporation, USA), to visualize 8-oxo-dG, PV and WFA labeling. All brain sections were visualized and processed with a Zeiss confocal microscope equipped with x10, x40 and x63 Plan-NEOFLUAR objectives. All peripherals were controlled with LSM 710 Quasar software (Carl Zeiss AG, Switzerland). Z stacks of 12 images (with a 2.13 μm interval) were scanned (1024 × 1024 pixels) with ×10, ×20 and ×63 objectives for analysis and qualitative investigation with IMARIS 7.3 software (Bitplane AG, Switzerland). Three to four sections consisting of fully intact and undamaged region of interests (ROIs) To quantify the overall 8-oxo-dG fluorescent / staining intensity in the ROI, we used the Coloc module of the IMARIS software to calculate the proportion of all 8-oxo-dG immunolabeled voxels and the mean labeling intensity. To analyze the number of PV cells and PV cells surrounded by WFA/PNN (WFA/PV cells), we used the spots module to assign spot markings on the profile-labeled voxels that fall within a given size. Briefly, the channels for PV and WFA immunolabeling were chosen, and the profile size criterion (10 and 8 μm, respectively) was defined to quantify stained profiles above these given sizes. The procedure was visually monitored/verified before proceeding. Spots generated for PV cells that contacted / overlapped with spots generated for WFA, were considered as WFA (PNN) PV cells. We also assessed PNNs by quantifying the overall intensity of WFA immunolabeling (in arbitrary unit).
Statistical analyses
A two-way multivariate analysis of variance (ANOVA) with PV+ cell density, WFA+ PV cells and 8-oxo-dG intensity as dependent variables, and genotype and age as fixed effects were performed for each brain region followed by univariate ANOVA analysis. Post-hoc Dunnett's t-tests were performed to compare the mean number of PV cells, WFA (PNN)/ PV cells, and the overall 8-oxo-dG and WFA-labeling between the groups (WT vs. KO). All statistics were performed using (JMP 12, SAS Institute Inc., Cary NC, USA) statistical software. All statistics were twotailed with a preset alpha level for significance of p b 0.05.
Results
Data were collected from five pre-specified brain regions (thalamic reticular nucleus, amygdala, lateral globus pallidum, CA3 of ventral hippocampus, anterior cingulate cortex, based upon the presence of PV expression and their clinical relevance to schizophrenia, at five distinct developmental ages (postnatal day (P) 20, 40, 90, 120 and 180). Three way multivariate analysis of variance with PV+ cell density, PV cells ensheathed by WFA-labeled PNNs and 8-oxo-dG intensity as dependent variables taking ROI, genotype and age as fixed effects showed a significant effect for region, age and genotype (p b 0.0001).
Thalamic reticular nucleus
The TRN is comprised of a narrow sheath of GABAergic neurons, especially those expressing PV (Jones and Hendry, 1989) , that are involved in "gating" cortico-thalamic communications (Crick, 1984; Halassa and Acsády, 2016) . This distinct thalamic nucleus plays a key role in modulating various cognitive functions such as attention and sleep that are commonly affected in individuals with schizophrenia (Ferrarelli and Tononi, 2011; Young and Wimmer, 2017) . The multivariate ANOVA shows a significant effect for age (F (6,64) = 12.7, p b 0.001) and genotype (F (3,22) = 37.2, p b 0.001).
Representative immunofluorescence images for expression of the DNA oxidation product 8-oxo-dG, a marker of oxidative stress, PV and WFA, in the TRN from WT and Gclm KO animals at P20 are illustrated in Fig. 1A . We observed an oxidative stress related deficit in PV cells in the TRN that emerged at P20. Consistent with recent published research from our group (Steullet et al., 2017a (Steullet et al., , 2017b , we found a significant and gradual increase in 8-oxo-dG expression levels from the juvenile development phase (P20) through to adulthood in the Gclm KO mice compared to their WT counterparts (Fig. 1B) . Indeed, an ANOVA revealed a significant overall effect of age on 8-oxo-dG expression intensity (F (2,24) = 9.7, p = 0.001) and a significant main effect of genotype (F (1,24) = 39.1, p b 0.0001). Subsequent analysis of PV neuron density in TRN revealed a significant overall effect of age ( 
Amygdala
A constellation of evidence from preclinical and clinical studies has linked neural circuit deficits associated with the amygdala to schizophrenia and developmental psychopathology ). The multivariate ANOVA shows a significant effect for age (F (6,44) = 4.7, p b 0.001) and genotype (F (3,22) = 25.5, p b 0.001). Immunofluorescent imaging of 8-oxo-dG, PV and WFA in the AMY from WT and Gclm KO animals at P40 are illustrated in Fig. 2A . We found the effects of oxidative stress to start affecting PV-containing neurons in the AMY at P40. An ANOVA on 8-oxo-dG labeling within AMY identified a significant overall effect of age (Fig. 2B: F (2,24) = 6.9, p = 0.004). Posthoc comparisons revealed a significant increase in 8-oxo-dG starting at P40 in the AMY of Gclm KO mice as compared with age-matched WT (t (6.3) = 6.8, p = 0.009). Analysis of PV neuronal density within AMY revealed a significant genotype (Fig. 2C: F (1,24) = 20.3, p = 0.0001). Post-hoc comparisons showed a significant decrease of PV cells starting at P40 Gclm KO mice as compared with age-matched WT (t (8.0) = 2.3, p = 0.04). An ANOVA of the number of PV cells coated with a PNN similarly revealed a significant effect of age (F (2,24) = 185.6, p b 0.0001) and genotype (F (2,24) = 14.1, p = 0.001, Fig. 2D ).
Post-hoc comparisons revealed a significant reduction in the number of PV cells surrounded by a PNN in Gclm KO mice in the P40 [WT (M = 28.4 ± 4.0) vs. Gclm KO (M = 22.1 ± 3.3)] and the P90 [WT (M = 18.0 ± 1.5) vs. Gclm KO (M = 15 ± 1.5)] cohort relative to WT controls.
Lateral globus pallidus
The lateral globus pallidus or globus pallidus externus is predominantly made up of PV expressing neurons (Saunders et al., 2016) . It forms part of the basal ganglia circuit and has been linked to the etiology of schizophrenia (Graybiel, 1997; Robbins, 1990) . Immunofluorescence staining of 8-oxo-dG and PV in the LGP from WT and Gclm KO mice at P90 are illustrated in Fig. 3A . Since WFA labeling in LGP was different from the observed WFA-labeled PNNs in TRN, AMY, VH and ACC, this was not included in the analysis. We detected initial impairments of PV-containing neurons in the LGP at P90. Within the LGP, PV cell density and 8-oxo-dG labeling density varied significantly with age (PV cell density: F (2,24) = 93.0 p b 0.0001 and for 8-oxo-dG labeling, F (2,24) = 13.1, p = 0.0001). Both PV cell density and 8-oxo-dG labeling intensity also varied significantly with genotype (PV cell density: F (2,24) = 13.3, p = 0.001 and for 8-oxo-dG labeling, F (2,24) = 31.7, p b 0.0001). However, a significant interaction between genotype and age was only observed with 8-oxo-dG intensity (F (2,24) = 8.0, p = 0.002). Compared with WT animals, labeling for 8-oxo-dG was significantly higher in Gclm KO mice at P40 [WT (M = 1.2 ± 0.5) vs. Gclm KO (M = 3.1 ± 0.5), (t (7.5) = 5.2, p = 0.001), and P90 [WT (M = 1.45 ± 0.5) vs. Gclm KO (M = 2.6 ± 0.7), t (7.5) = 3.1, p = 0.01]. However, post-hoc comparisons revealed a significant reduction in PV cell density in Gclm KO mice only at P90 [WT (M = 122.2 ± 5.5) vs. Gclm KO (M = 95.2 ± 9.5), t (7.5) = 4.1, p = 0.004].
Ventral hippocampus
A loss of CA3 GABAergic interneuron phenotype has been reported in patients with schizophrenia and bipolar disorder (Zhang and Reynolds, 2002; Benes et al., 2007) . As for the LGP, we found that the impairments of PV-containing neurons within the CA3 region of VH from Gclm KO mice emerged at P90, a result consistent with a previous report (Steullet et al., 2010) . Immunofluorescence staining of 8-oxo-dG, PV and WFA in the LGP from WT and Gclm KO mice at P90 are illustrated in Fig. 4A . ANOVA of 8-oxo-dG labeling in the VH found a significant age effect (Fig. 4B: F (2,24) = 4.7, p = 0.02) and genotype effect (F (1,24) = 15.3, p = 0.0007) Post-hoc comparisons revealed a significant elevation in 8-oxo-dG labeling intensity in Gclm KO mice at P90 [WT (M = 0.56 ± 0.23) vs. Gclm KO (M = 1.0 ± 0.12), t (6.3) = 3.9, p = 0.007]. Other analysis conducted on PV cell density within the VH revealed a significant age effect (Fig. 4C: F (2,24) = 24.5, p = 0.0001) and a significant interaction between genotype and age ( Fig. 4C: F (2,24) = 7.6, p = 0.003). A significant decrease in PV neuronal number in Gclm KO mice at P90 [WT (M = 11.7 ± 1.5) vs. Gclm KO (M = 7.7 ± 1.0), t (6.9) = 5.0, p = 0.002] was observed. Lastly, ANOVA performed on the number of PV cells co-expressing WFA revealed significant effect of genotype ( Fig. 4D: F (1,24) = 12.3, p = 0.002) but no interaction between genotype and age (F (2,24) = 1.4, p = 0.26). Post-hoc comparisons revealed a significant reduction in the number of PV cells surrounded by a PNN in Gclm KO mice in the P90 [WT (M = 9 ± 1.2) vs. Gclm KO (M = 5.8 ± 0.4)] cohort relative to their WT counterparts.
Anterior cingulate cortex
Beyond the neuropathological and neuroimaging evidence linking the ACC to schizophrenia (Fornito et al., 2009 ), we selected this brain region for analysis based on the consistent pathological involvement of this cortical structure in our previous studies (Cabungcal et al., 2013a (Cabungcal et al., , 2013b Steullet et al., 2017a Steullet et al., , 2017b . Because previous data indicated that PV cell impairment in the ACC of Gclm KO mice were not present at P90 (Cabungcal et al., 2013a (Cabungcal et al., , 2013b , we included in our analysis fully adult mice (P180). The multivariate ANOVA test shows a significant effect for age (F (9,75) = 9.7, p b 0.001) and genotype (F (3,31) = 13.4, p b 0.001). We observed impairment in PV-containing neurons in the ACC that emerged at P180. Immunofluorescent images of ACC from an animal at P180 are illustrated in Fig. 5A . An initial two-way multivariate ANOVA on 8-oxo-dG labeling revealed a significant overall effect of age on 8-oxo-dG expression intensity (Fig. 5B: F (3,33) = 12.9, p b 0.0001) and a significant main effect of genotype (Fig. 5B: F (1,33) = 17.1, p = 0.0002). An interaction effect arising from the genotype and age on 8-oxo-dG expression intensity was also observed (Fig. 5B: F (3,33) = 27.6, p b 0.0001). Post-hoc comparisons revealed a significant increase in 8-oxo-dG in Gclm KO as compared to WT mice, from P20 to P180. Additionally, we found a significant age effect (Fig. 5C: F (3,33) = 7.9, p = 0.0004) and genotype effect on PV cell density (Fig. 5C: F (1,33) = 4.4, p = 0.04). Post-hoc comparisons identified a significant reduction in the number of PV cells stemming from the Gclm KO mice in the P180 [WT (M = 65.2 ± 7.0) vs. Gclm KO (M = 48 ± 7.3)] cohort relative to WT controls. In addition, an interaction effect stemming from the genotype and age on the number of PV neurons enwrapped by PNNs was observed (Fig. 5D: F (3,33) = 3.9, p = 0.02). Post-hoc comparisons revealed a significant reduction in the number of PV cells surrounded by a PNN in Gclm KO mice in the P20 [WT (M = 75.2 ± 13.8) vs. Gclm KO (M = 70.8 ± 2.2)] and the P40 [WT (M = 73.2 ± 7.0) vs. Gclm KO (M = 72 ± 8.6)] cohort relative to WT controls. The PNN deficit observed at young age appears to reflect a delayed maturation of this extracellular matrix.
A spatio-temporal deficit in parvalbumin neurons and perineuronal nets
Our analysis revealed a distinct spatio-temporal sequence of oxidative stress induced deficit in PV-containing neurons progressing from sub-cortical to cortical brain regions in a consecutive manner, in what appeared to mimic the "domino effect" (Fig. 6) . Specifically we observed an oxidative stress related impairment in PV neurons that originated from a sub-cortical source, namely the TRN, at P20 (through to P90, with no likelihood of recovery) was followed by a deficit in PV cells in the AMY at P40 (through to P90, with no likelihood of recovery). The oxidative stress induced impairment in PV cells subsequently spread to both the LGP and VH at P90 (also with no likelihood no recovery) with a cortical region, namely the ACC, being the last of the investigated brain structures to exhibit deficits in PV cells at P180.
Discussion
In this study, we used an animal model of oxidative stress susceptibility to address the neurodevelopmental relationship between redox dysregulation and the integrity of the PV-expressing neurons in selected cortical and sub-cortical brain regions. Our main findings include: (i) oxidative stress-induced phenotype loss of PV neurons extends beyond cortical regions (e.g. ACC and VH) to sub-cortical structures including the LGP, AMY and TRN, (ii) PV neurons located in different brain regions exhibit selective temporal sequence of vulnerability to oxidative stress during different epochs of neurodevelopment, and (iii) PV neuron impairments in sub-cortical regions precede those in cortical structures.
To our knowledge, this is the first study to describe developmental abnormalities related to oxidative stress induced PV impairment in sub-cortical regions and to report PV and PNN deficits in the LGP. The LGP is predominantly made up of PV cells that exert a strong inhibitory influence within the basal ganglia as they project to the striatum, substantia nigra reticulata/compacta and subthalamus nucleus (Saunders et al., 2016) . The neuropathology of the LGP in relation to schizophrenia has not been researched in as much depth as the other sub-cortical structures evaluated herein (Bogerts et al., 1985) . However, there is solid evidence for abnormal cortico-striato-pallado-thalamocortical circuits in schizophrenia (Avram et al., 2018) . Indeed, a positive correlation between symptom severity and the volume of the external (or lateral) globus pallidus has been reported (Spinks et al., 2005) . Similarly, hyperactivity of the globus pallidus was found to correlate to the severity of negative symptoms in patients with schizophrenia (Avram et al., 2018; Galeno et al., 2004; Spinks et al., 2005) . Our study now shows that PV neurons within this part of the basal ganglia circuitry are vulnerable to oxidative stress.
In contrast to the LGP, a vast number of neuropathological studies exist linking the TRN and AMY to schizophrenia (i.e. Ferrarelli and Tononi, 2011; Benes, 2010) . Indeed, the oxidative stress induced PV deficits observed in the AMY and TRN of the mutant mice are in close alignment with the loss of PNNs and PV observed in these same regions in postmortem brains of individuals with schizophrenia (Steullet et al., 2017b; Pantazopoulos et al., 2010) . At the cortical level, our observation of PV and PNN deficits in the ACC and VH replicated our previous findings (Steullet et al., 2010 (Steullet et al., , 2017a Cabungcal et al., 2013a Cabungcal et al., , 2013b , confirming the susceptibility to oxidative stress of PV neurons within these cortical structures, which also display PV neuron anomalies in SZ patients (Zhang and Reynolds, 2002) .
As previously mentioned, brain regions were carefully selected based upon the presence of PV expression and their clinical relevance to schizophrenia. This approach may, however, fall short in that it does not represent a "non-biased" search for oxidative stress induced PV neuron impairment. Indeed, PV cells located in other brain regions might be similarly affected by oxidative stress. Future studies applying a non-biased approach to evaluate other brain regions not investigated in this study will prove important in order to improve our neuropathological knowledge regarding the extent of oxidative stress-induced PV cell impairment that takes place in the brain, so as to better translate these observations for potential utility in clinical psychiatry.
Parvalbumin immunoreactive (PV-IR) cells are present in numerous regions of the rodent central nervous system (Celio and Heizmann, 1981; Celio, 1990 ; del Río et al., 1994; Alfahel-Kakunda and Silverman, (Cabungcal et al., 2013b) . These ACC measurements were from the same animals used to analyze TRN, AMY, LGP and CA3. For each group, n = 5. *p = 0.05; **p = 0.01, ***p b 0.001 (pair-wise Dunnett's tests). KO, knock out; PV, parvalbumin; WFA, Wisteria floribunda agglutinin; PNN, perineuronal net; WT, wild type. 1997). However, the timing of their maturation varies across between regions. In the cortex, PV-IR cells first appear in the parietal and retrosplenial regions at postnatal day (P) 10. From P12, PV-IR cells emerge in the second parietal, cingular, frontal, hindlimb-forelimb, temporal, primary, secondary occipital and gustatory cortices, and from P15, PV-IR cells are present in the remaining regions. Generally, PV-IR cells first appear in the primary sensory/motor areas, and then in second sensory/motor or associative areas. The maturation of PV-IR cells, however, is a long-lasting process, and only completed until adult stages (del Río et al., 1994) . In all cortical regions, PV-IR cells are present first in layer V, before spreading to the upper and inner cortical layers at subsequent developmental stages. PV-IR cells appear to mature much earlier in subcortical than in cortical areas. For instance, in the TRN, PV is already expressed at P0 and completed at P30 (Majak et al., 1998) . In the hippocampus, PV-IR is only detected after P7 (Nitsch et al., 1990) . We have found no published data detailing when PV-IR cells initially appear in the basolateral amygdala, but it is probably before P7 as it has been shown that at P16 they are functional and have acquired principal neuron connections (Woodruff and Sah, 2007) . Interestingly, with the notable exception of the ACC, oxidative stress and PV neuron alterations first occur in areas (subcortical) where these neurons undergo an earlier maturation. Thus, the cumulative time of redox dysregulation may eventually impend on the structural and functional integrity of PV-IR neurons.
Excitingly, our findings also suggest that PV neurons located in different cortical and sub-cortical brain regions exhibit selective vulnerability to oxidative stress during different phases of neurodevelopment. An illustration of these spatio-temporal deficits in PV neurons can be observed in Fig. 6 . This stems from inter-regional differences in 1) vulnerability to present oxidative stress and 2) susceptibility / resiliency of PV neurons toward oxidative stress. Thus in Gclm KO mice, TRN and ACC display signs of oxidative stress as early as P20, while oxidative stress in VH becomes only significant at P90. Interestingly, we previously reported that the dorsal hippocampus, as opposed to the VH, did not display oxidative stress and PV deficits in P90 Gclm KO mice (Steullet et al., 2010) . Furthermore, TRN and ACC PV neurons are not equally susceptible to oxidative stress at the same time. PV neurons in the ACC appear more resistant than PV neurons in the TRN. Indeed in the ACC (if we exclude the delayed maturation at young age), apparent PV impairments are only observed at P180, while in the TRN they are already present at P20. The reasons for these differences remain unclear and require further investigation. Potential explanations include region specific differences in 1) maturation time course of PV neurons and their PNN, 2) neuronal and metabolic activity, 3) antioxidant capacity of PV neurons and their neighbored cells, 4) levels of catecholamines (dopamine, noradrenaline) that are known to generate reactive oxygen species during their auto-oxidation and catabolism.
One of the proposed mechanisms that could contribute to the sequential oxidative damage to PV neurons observed in our study stems from region specific differences in maturation time course of PV neurons. A key marker of physiologically mature PV neurons is the PNN (Hensch, 2005) . This extracellular matrix is known to influence synaptic plasticity, but also protect PV neurons against oxidative stress in the ACC (Cabungcal et al., 2013a; Bitanihirwe et al., 2016) . Thus, an additional oxidative insult (i.e., induced by stress) either during juvenile or adolescence can lead to PV neuron impairments in the ACC already present at P20 and P40 (Cabungcal et al., 2013a) . This early susceptibility of PV neurons in the ACC is associated with the presence of an immature PNN. In contrast, PV neurons in the ACC in young adults are less affected by oxidative challenge as they are protected by a mature PNN (Cabungcal et al., 2013a (Cabungcal et al., , 2013b . This finding is consistent with the proposed notion that the adolescent period constitutes a critical time for the refinement of GABAergic functions in the PFC rodents and primates (Caballero and Tseng, 2016) . Hence, a particular critical period would be when significant oxidative stress occurs during the time of maturation of the PV neurons while they are void of, or bear immature PNNs.
Another mechanism that may underlie the spatio-temporal deficits of PV neurons stemming from oxidative stress involves the switching of the NR2B subunit for the NR2A subunit at N-Methyl-D-Aspartate (NMDA) receptors during neurodevelopment (Monyer et al., 1994) . Notably, in contrast to the NR2B unit, the NR2A subunit is preferentially expressed in PV neurons (Kinney et al., 2006) , and is highly sensitive to redox modulation (Behrens et al., 2007; Lipton et al., 2002) . Therefore, redox imbalance during neurodevelopment could attenuate NMDA-R function altering the phenotype of PV-containing neurons and in the process leading to cellular injury (Hasam-Henderson et al., 2018) . Activation of synaptic NMDA-Rs boosts intrinsic antioxidant defenses, through transcriptional control of the GSH, thioredoxin and peroxiredoxin systems to support antioxidant defense. NMDA-R hypoactivity during development would thus lead to the deleterious loss of this control (Baxter et al., 2015; Papadia et al., 2008) . Functional deletion of NR2A confers a susceptibility to oxidative stress, microglia activation, and oxidative stress-induced PV neuron impairments in the ACC (Cardis et al., 2018) . Interestingly, TRN neurons mostly express NR2B and NR2C (even at adulthood: Wenzel et al., 2000; Zhang et al., 2012) therefore lacking the NR2A-mediated signaling cascades, which boost antioxidant capacities. Thus, the defense mechanisms of PV neurons could differ from one region to another, therefore contributing to the observed differences in susceptibility across brain structures.
Temporal changes in functional connectivity between brain regions may represent yet another mechanism to explain at least some of the spatio-temporal deficits of PV neurons that we observed. Interestingly, the subcortical circuitry, including the thalamocortical circuit, appears to undergo heightened plasticity (in terms of circuitry maturation) earlier than cortical neuronal circuitry (Barkat et al., 2011) . Via a dominolike mechanism, a PVI impairment in one brain region could favor PV deficit in another structure through connectivity alterations between these two regions. Thus, (1) amygdala hyper-activation stemming from GABA A receptor blockade (using picrotoxin), and (2) hyperactivity in basolateral amygdala in rat MAM model could lead to a reduction in the expression of PV in the ventral hippocampus (Berretta et al., 2004; Du and Grace, 2016) . Interestingly, amygdala inputs project in CA3 but not CA1 (CA3 being the region most affected in Gclm KO) (Berretta et al., , 2004 ). This could potentially explain why PV impairments Fig. 6 . Temporal sequence of PV+ cell deficit measured in different brain regions of mice with a developmental redox dysregulation (Gclm KO mice). PV+ cells were present in all these brain regions: modestly distributed in AMY, CA3 and ACC and very densely distributed in TRN and LGP. Our analysis revealed a spatio-temporal sequence of PV+ cell deficit beginning with the TRN at P20 (until P90, with likelihood of no recovery) followed by PV+ cells deficit in the Amygdala at P40 (until P90, likely with no recovery), then in the lateral globus pallidus (LGP) and CA3 of ventral hippocampus (VH) at P90 (also likely no recovery) and finally by PV+ cell deficits in the ACC at P180 (fully adult). Solid arrow shows the beginning, and maintenance, of PV+ cell deficit in Gclm KO mice as shown by the data in results. Dotted arrow depicts the PV+ cell deficit that is likely continuous until fully adulthood (P180) or even permanent (not analyzed).
in the AMY precede those in VH. Other evidence has demonstrated an increase in functional connectivity between the ventral hippocampus and the medial prefrontal cortex during neurodevelopment, with PVcontaining neurons in both these structures undergoing a mutual upregulation throughout the peri-adolescent transition to adulthood (Caballero et al., 2013 (Caballero et al., , 2014 . Because the ventral hippocampus sends direct projections to the medial prefrontal cortex, a PV deficit in the VH could therefore favor later PV cell impairments in the prefrontal cortex. In this context, one might tentatively speculate that some of the spatio-temporal deficits of PV neurons observed herein may arise from an increased connectivity between the sub-cortical and cortical regions, which may then lead to an increased activity of PV neurons. This could eventually become pathological (i.e., mitochondrial bioenergetic dysfunction) and disrupt PV cell intrinsic physiology and network connectivity (Inan et al., 2016; Khan, 2016) , especially in conditions of compromised regulations of antioxidant systems.
A number of genetic and/or environmental animal models relevant to schizophrenia display PV neuron impairments in the mPFC and/or hippocampus at adulthood (Balu et al., 2013; Lodge et al., 2009; Meechan et al., 2015; Pitts et al., 2012; Lin et al., 2014) . In the ACC, PV neuron and PNN anomalies have been associated with oxidative stress in a number of these models, suggesting convergent pathological mechanisms (Steullet et al., 2017a (Steullet et al., , 2017b . However, data on the emergence of a PV neuronal deficit during postnatal development and across different brain regions are still sparse in other animal models than Gclm KO mice. Thus, we cannot exclude that according to the different genetic and environmental risk factors, that some of the sequential PV-IR anomalies described in the present study might not completely overlap or correspond. In some rodent models (e.g., MAM, prenatal immune activation and human deletion/mutation model), decreased number of PV-IR neurons in the VH is observed in younger age than in the Gclm KO mice (Lodge et al., 2009; Giovanoli et al., 2015; Schmalbach et al., 2015) . This could be associated with the severe impact of early-life stress on the hippocampus. Thus, stress may shape how PV neuron impairments emerge and develop across different brain regions. However, we postulate that many different animal models will share largely similar sequential impairments of PV neurons. Further studies investigating the impact of different genetic and environmental factors on the developmental occurrence of PV neuron deficits within the brain are therefore warranted, in order to understand the emergence of anomalies at circuit levels in patients as the disease progresses. Taking into consideration the macrostructural and neurochemical evidence, imaging studies reveal that specific brain regions within several large-scale brain circuits are already affected in high clinical high-risk subjects before the onset of full psychosis (Fusar-Poli, 2012; Dutt et al., 2015) . Among the areas that display early alterations are the prefrontal and temporal cortical regions in addition to the thalamus and hippocampus (Mubarik and Tohid, 2016; Harrisberger et al., 2016) . Connectivity between large-scale circuits encompassing the PFC, striatum, thalamus and cerebellum is altered during the prodromal stage and further deteriorates with the emergence of psychosis (Cao et al., 2019 ). Although it is not possible to directly relate the macroscopic alterations observed by imaging with the disrupted integrity of PV neurons, it is worth noting that early PV deficit in Gclm KO mice are found in regions belonging to these altered circuits. Environmental stressors causing a perturbation of the HPA axis during childhood and adolescence and that impact the amygdala, hippocampus and the maturation of the prefrontal cortex may eventually result in a dysregulation of the dopaminergic system leading to psychosis. Our observation remains consistent with the framework of psychosis whereby the course of the disease is initiated by a disruption of brain development (pre-morbid phase), followed by brain reorganization (prodromal phase), strongly implicated in the pathophysiology of the disease. These two aspects may lead to a phase characterized by onset of psychotic symptoms, which often fluctuate, and if left untreated leads to further deterioration of these symptoms (Millan et al., 2016) .
In summary, this study reveals a spatio-temporal sequence of oxidative stress-induced PV cell impairment in sub-cortical and cortical regions of the brain. We propose that different brain regions are developmentally susceptible to oxidative stress and that anomalies in neurodevelopmental metabolic regulation stemming from oxidative stress can interfere with neural circuit maturation and functional connectivity contributing to the emergence of schizophrenia and other developmental psychopathology.
